This special issue is focussed on arguably the most important fundamental question in contemporary chemical research: how to efficiently and economically convert abundant and thermodynamically stable molecules, such as H 2 O, CO 2 , and N 2 into useable fuel and food sources. The 3 billion year evolutionary experiment of nature has provided a blueprint for the answer: multi-electron catalysis. However, unlike one-electron transfer, we have no refined theories for multi-electron processes. This is despite its centrality to much of chemistry, particularly in catalysis and biology. In this article we highlight recent research developments relevant to this theme with emphasis on the key physical concepts and premises: (i) multi-electron processes as stepwise single-electron transfer events; (ii) proton-coupled electron transfer; (iii) stimulated, concerted, and co-operative phenomena; (iv) feedback mechanisms that may enhance electron transfer rates by minimizing activation barriers; and (v) non-linearity and far-from-equilibrium considerations. The aim of our discussion is to provide inspiration for new directions in chemical research, in the context of an urgent contemporary issue.
Urgency: The Chemical Problem of Energy Change
The urgent development and deployment of sustainable, wholeof-life-cycle carbon-neutral energy sources are now well recognized. A rigorous discussion of this subject is complex, and ongoing, attested by this special Aust. J. Chem. issue, but arguably the most significant point is that we require cheap sustainable fuel sources derivable from abundant materials. World energy usage currently divides ,80 : 20, fuel/electricity, [1] and critically we must acknowledge that most electricity is generated by burning fuel. Whilst cheap electricity may correspondingly allow low-cost fuel production, the economic and socio-political reality for the developing world, and those yet to enter it, dictates that inexpensive small-scale portable solar-tofuel energy conversion devices are a necessity. Nocera has expanded upon this theme in some detail. [2, 3] Effective multielectron processes are well recognized as crucial to achieving this goal. [2, [4] [5] [6] In this highlight, we argue that the convergence of these urgent contemporary issues should provide a profound inspiration to move beyond traditional thinking in chemistry and promote fertile new directions in chemical research. As this report is not intended as an exhaustive review, our discussion and examples are naturally limited and biased toward ideas we feel are particularly noteworthy for any dialogue they may inspire in generating new research directions.
We Understand Single-Electron Transfer Processes
Fundamentally, our understanding of single electron transfer processes arises from an empirical concept that links the dependency of rate constants, with thermodynamic and molecular dynamic parameters, i.e. Gibbs (DG8) and reorganizational (l) energies. Marcus Theory was initially formulated to deal with weak donor-acceptor interactions and quasi-equilibrium situations (outer-sphere electron transfer) and has successfully been applied to many electron transfer problems in chemistry and biology. There continues to be sophisticated extensions and generalizations of the theory to deal with stronger resonance interactions including strong-overlap (inner-sphere) electron transfer, [7] [8] [9] and vibronic coupling [9, 10] where electron and nuclear motions cannot be separated; recently this theme has incorporated hydrogen atom, proton, and hydride transfer. [11] However, even with its great success, some electron transfer problems have struggled to reach a consensus through advancements of the Marcus Theory framework. Our favourite example is the primary photo-energetics of charge separation Photosystem II where difficulty arises in physically explaining the ultrafast kinetics and energy-trapping events, [12] [13] [14] not to mention the catalytic four-electron water oxidation chemistry. [15, 16] This example also highlights our theme, the chemical problem of energy change.
We Don't Understand Multiple-Electron Transfer Processes
Here our use of the term 'multiple-electron transfer' refers to a situation where discrete, stepwise single electron transfer events may not provide the most suitable and/or useful description of the chemistry. This might be due, for example, to simultaneous transfer of two (or more) electrons, or due to the strong coupling of sequential electron transfer events. Two-electron mixed valency complexes [4, 17, 18] may be an example of the former. Physically, strong coupling refers to situations where particle motions are not separable, such as vibronic coupling, [9, 10] where electronic motion cannot be thought of as independent from nuclear motion. This highlight serves to briefly expand upon this theme in the context of multiple electron transfer for the purpose of inspiring further discussion and initiating new research directions.
There are no refined theories for multiple electron transfer processes. [4, 6, 19] Instead, adaptations of Marcus Theory and its extensions are often applied. [19] However, in all cases each single electron transfer step can be inverted (reversible) and the role of the medium is typically passive (e.g. non-interacting harmonic oscillators), acting as a thermal bath providing a Boltzmann distribution of fluctuations necessary to prepare the donor-acceptor states for isoenergetic electron transfer. This allows the separation of donor-acceptor and medium variables, resulting in a set of linear equations describing the system. This also raises the question of the applicability of thermodynamics and equilibrium statistics when electron transfer can proceed as fast as 20 fs. [20] Furthermore, strong and specific molecular interactions occur during multiple electron transfer events relevant to catalysis, most obviously to substrate binding and bond breaking events. These situations are at odds with the original Marcus Theory premises of near-equilibrium statistics and weak donor-acceptor interaction. These issues are appreciated by treatments that deal with stronger resonance interaction, such as H þ /H/H À transfer mentioned above, [11] and for example non-statistical dynamical effects incorporating quantum mechanical tunnelling and non-equilibrium solvation. [21, 22] Within 'classical' linear electron transfer theories, the efficient net transfer of multiple electrons can only proceed via discrete stepwise mechanisms. The implications are that for catalysis close to the overall thermodynamic potential of the reaction, classical (single-) electron transfer theories require comparable or more favourable conditions for every intermediate species, including compatible reorganization energies (Scheme 1). Tributsch raised and expanded upon these points 14 years ago. [23] Today, multiple electron transfer events typically continue to be examined solely within such linear, stepwise frameworks, even those suggested to be 'simultaneous'. [19] This mindset has great consequence for the rational design of multi-electron catalysts and photo-catalysts, where success, gauged by high efficiency and turnover number, is often plagued by recombination reactions and undesired side-reactions due to reactive intermediates. These events are inescapable within such model frameworks; the result is a necessary delicate balance of kinetics and thermodynamic molecular architecture, a criterion not desirable for a robust, high turnover number catalyst.
What Might be Important for Multiple-Electron Transfer Processes?
What phenomena beyond such 'traditional' thinking might be important for new approaches to multi-electron processes? As an example, we note that Tributsch has developed a phenomenological model [23] [24] [25] [26] [27] [28] of multiple electron transfer that has several key physical distinctions to Marcus Theory and its extensions. We highlight some features of this model here.
(i) Feedback: Feedback mechanisms originating from autocatalytic events near the end of an electron transfer chain can improve the rate of electron transfer nearer to the beginning (Scheme 2). In systems with kinetic irreversibility (forward rate
Scheme 1.
A simple phenomenological kinetic model of an electron transfer chain, X, from reactants, R, to products P, incorporating elements of autocatalytic feedback via an intermediate, M near the end of the chain. The feedback parameter, a, affects the forward and reverse rates,
, of events earlier in the chain. A simple way to introduce kinetic non-linearity is by replacing X n -M with X n þ M -2M. Adapted from Tributsch and Pohlmann. [24] [25] [26] [27] 
Stepwise P P X 2 X 1 X 3 P Concerted Scheme 2. Generic scheme highlighting that thermodynamic considerations alone can sometimes rule out stepwise v. concerted mechanisms from reactants (R) to products (P) if the relative energy of intermediates (X n ) is sufficiently high (such as for proton-coupled electron transfer, [30] discussed in the main text). Stimulated, concerted, or cooperative phenomena can lead to a situation where intermediates cannot be assigned specific activation energies; rather they are part of one cooperatively acting complex. larger than back reaction), as the feedback parameter is increased, the rate of electron transfer increases exponentially. [24, 27] Feedback results in the system being driven far from equilibrium.
(ii) Non-linearity: Positive and negative feedback loops mathematically lead to coupled equations, which could lead to either linear or non-linear solutions. For cooperative phenomena (e.g. synchronous electron transfer), autocatalytic feedback must be initiated via a kinetically non-linear step. [24, 25, 27] This is in contrast to a kinetically linear feedback relation (Scheme 2), which can only result in accelerated individual electron transfer rates, i.e. stimulated electron transfer. [24, 25, 27] (iii) Cooperativity: Electrons are not transferred independently, but rather in a synchronized manner. Such a mechanism can be realized by applying the slaving principle, [29] where at a bifurcation point the change of sign of one eigenvalue of the kinetic problem leads to a reduction from all the degrees of freedom to one degree of freedom (the reaction coordinate). This slowest mode then slaves all the other modes, leading to a non-linear system where all the kinetic events occur in synchrony (simultaneously). There are no formally discrete steps, but rather one overall non-linear kinetic equation.
(iv) No formal intermediates: A result of cooperative electron transfer is a breakdown of the concept of activation energies. [26, 27] Intermediates cannot be assigned specific individual activation energies; instead they are part of one cooperatively acting complex. Multi-electron transfer near the overall thermodynamic potential for the reaction becomes possible via nonlinear autocatalytic feedback.
(v) Export of entropy: Reduction in the degrees of freedom for a catalytic event equate to the export of entropy from the active site, at the expense of net overall entropy increase. Chemically, this means the creation of a highly ordered transition complex, which is not expected to occur easily close to equilibrium, but is possible far from equilibrium within the scope of irreversible thermodynamics.
The obvious question to ask is whether there exist clear examples where such phenomena are necessarily invoked to model multiple-electron transfer events; they are not required for long-range (outer sphere) single electron transfer where Marcus Theory has generally proven to be a sufficient description. So as to argue in the affirmative, we first introduce a brief but pertinent discussion of proton-coupled electron transfer.
Proton-Coupled Electron Transfer
With a history over a century old, there have been substantial advancements in the field of proton-coupled electron transfer (PCET) in very recent years. [30] Theories are emerging [11] where many of the phenomena discussed above are recognized as essential in describing the relevant molecular mechanisms. We briefly discuss the correspondence between some concepts discussed above for concerted multiple electron transfer and our formative molecular understanding of PCET. Indeed, it is now apparent that many multi-electron redox transformations are dependent on PCET, particularly in biology. [30] PCET can be treated as subsequent, discrete electron and proton transfer events, or as a genuine concerted process where both the electron and proton are transferred simultaneously. Concerted PCET has now been described (or suggested) in many systems [30] including, among others, photosynthetic reaction centres, [31] intervalence charge transfer complexes, [32] electrochemical systems [33] and via photo-induced PCET in Ru-polypyridyl-Tyrosine(Tryptophan) complexes. [34] Mayer [35] has outlined the energetic advantage of a concerted PCET event over stepwise electron transfer and proton transfer, and stressed the relative importance of various thermochemical parameters for understanding such reactions. Chemically, this becomes critical when large changes in redox potential occur upon protonation/deprotonation and large changes in pK a occur upon oxidation/reduction. In the terminology used here, this process would be considered a feedback mechanism. Furthermore, we would suggest that if electron and proton motions occur simultaneously, then these motions must be coupled.
A defining feature of concerted PCET mechanisms is where no stable intermediate arises from either a single electron or single proton transfer event. [11] This is similar to a consequence of cooperativity resulting from a feedback kinetic non-linearity that has driven the system far from equilibrium; i.e. where intermediates cannot be ascribed specific activation energies. [23, 24, 26, 27] In the context of our current highlight, we note that PCET is still commonly (only?) treated via extensions of Marcus theory, [11] i.e within a linear quasi-equilibrium framework, which cannot fundamentally allow a genuine multi-electron process. The coupling of proton and electron motions allows the concerted transfer of both; to our knowledge formalisms based on Marcus Theory do not (yet) allow for the coupled motion of two electrons.
How Should We Experimentally Verify New Phenomena in Multi-Electron Transfer?
Is it necessary to move beyond discrete, uncoupled, stepwise electron transfer events in describing and predicting the behaviour of systems that undergo multiple changes in redox state? In other words, are there examples of the phenomena we have discussed where 'classical' linear electron transfer theories built on quasi-equilibrium statistics might not be a sufficient description? To stimulate discussion of this question, we mention here some examples, old and new, of the phenomena outlined above that may be pertinent to mutli-electron transfer processes.
Cooperativity
Cooperative systems in chemistry are known, where the textbook examples are the Belousov-Zhabotinsky chemical reactions that oscillate due to autocatalytic feedback and remain far from equilibrium for significant time periods. Oscillatory behaviour in electrochemistry associated with corrosion and passivation is also well known. [36, 37] Far more extensively, however, cooperativity is well recognized in the energetics and mechanisms of enzyme function, [38] where microscopic descriptions of the roles that such phenomena play are far from complete. [39] For a more recent example from a very different perspective, we note that collective effects in interfacial charge transfer have recently been observed in a hybrid organic-inorganic system by measuring fluctuations of transistor conductivity. [40] Operation at temperatures in the vicinity of a structural order-disorder transition of molecular bridges was suggested to explain electron transfer cooperativity; the initial electron transfer event triggers a structural change that accelerates the rate of further electron transfer events. Significantly, a non-Gaussian distribution of current fluctuations was observed at 300 K, while at 80 K there was a Gaussian distribution.
Order Increase (Entropy Export)
A striking feature of the phenomenological model for multielectron transfer is the creation of a highly ordered activation complex and the export of entropy during the stimulated or cooperative catalytic event far from equilibrium. In other words, energy is drawn from the medium for the creation of 'electronicvibrational order' at the active site, where improved electron transfer rates result from a better management of entropy, i.e. via the slaving principle, all the degrees of freedom are reduced to one degree of freedom. This is a substantial contrast to Transition State Theory, for example, where the degrees of freedom for transition state are reduced by one compared with the reactants/ product. Clearly, experimental approaches to measure local, transient entropy changes would provide insight on the applicability of such concepts.
Calorimetric techniques have been used to measure the enthalpy changes during the photochemical cycle of bacteriorhodopsin, where a significant transient entropy decrease of at least 125 cal mol À1 K À1 was found [41] and suggested to indicate a major increase in molecular order. This has been discussed [42] in terms of self-organization, autocatalytic processes, and entropy export relevant to the themes of cooperative multi-electron transfer presented in our highlight.
Time-resolved photoacoustic measurements can provide information on molecular volume changes including conformational change or electrostriction, enthalpy changes and entropy changes in photochemical reactions. [43] [44] [45] Similar data can be obtained via the method of photothermal beam deflection. [46] Enthalpy changes of Photosystem II water oxidation reactions [44, 46] and charge separation in synthetic carotene-porphyrin-acceptor triads [45] have been directly measured by such techniques, where significant entropic contributions are suggested to contribute to the reactions. As noted by Hou et al. [44] the Gibbs free energy term in applications of Marcus Theory typically do not account for such entropic components.
Precise structural arrangement of precursor complexes is a feature of concerted PCET processes, compared with outersphere electron transfer of structure-less spherical reactants. For example, this theme was recently suggested by Savéant and coworkers in a comparative investigation [33] of electrochemical v. homogeneous kinetics for phenol oxidation with water and hydrogen phosphate. Structural pre-arrangement is also a central tenet of enzyme mechanisms [39] where active sites increase the probability of orientation-specific molecular collisions required for substrate reaction; that is, they increase electronicvibrational order.
Feedback Non-Linearity
Feedback-associated kinetic non-linearity of the electron transfer reaction is another clear outcome of co-operative multi-electron transfer. However, there are relatively few well-defined electron transfer reactions with higher order kinetics. Fukuzumi and coworkers [47, 48] provided some of the first observations of 'selfpromoted' electron transfer from metal complexes to organic substrates that displays second and third order kinetic behaviour. Such reactions have subsequently been termed metal-ioncoupled (or -ion-mediated) electron transfer. [49, 50] The electron transfer rates from the donor are accelerated due to complexation of a redox-inactive metal with the radical anion of the substrate, significantly reducing the redox potential of the latter.
This latter phenomenon has also recently been shown [51] for the metal-ion-coupled reduction of high-valent metal-oxo species, where the electron transfer rate increased by a factor of 10 8 in the presence of Sc 3þ
. Such metal-ion-coupled electron transfer reactions have very recently been studied [52] in the context of stepwise v. concerted mechanisms, analogous to PCET.
While these examples are only one-electron transfer reactions, we note that several key features of the phenomenological models for stimulated [25, 26] and co-operative [24, 26, 27] electron transfer are observed. We add that to our knowledge, such ionmediated reactions have not yet been studied for multi-electron transfer systems, and the significance of such new research for the themes in this highlight present a possible new avenue for chemical research. In this context, and as highlighted by Fukuzumi and coworkers, [51] we note that although Ca 2þ is known [53, 54] to be crucial for catalytic function of the water oxidation complex (Mn 4 Ca) in Photosystem II, the precise functional role of Ca 2þ is not yet clarified. [15, 16] A Two-Electron Photo-Catalyst: Work in Progress
The catalytic mechanism of the two-electron Jacobsen-Katsuki epoxidation catalyst (Mn-Salen) [55] is not fully understood, although commonly assumed to involve a Mn V -oxo species. Clear identification of any catalytically relevant Mn V -oxo species has proved elusive, however (see Herrero et al. [56] and references therein). Herrero et al. [56] reported a molecular photosensitizer-catalyst construct (Scheme 3), where a Ru II -polypyridyl photosensitizer was covalently attached to a Mn III -Salen moiety. An ultimate aim of this research is to employ laser pulses to achieve quantitative temporal control of stepwise catalyst activation, allowing access to catalytically relevant intermediates. Okamoto et al. [57] have also identified such an approach for the study of multi-electron catalysis, and Sjodin et al. [34] have employed a similar molecular architecture using a Ru II -polypyridyl photosensitizer for the study of photoinitiated PCET.
With Fig. 1 that shows spectra and room temperature kinetics obtained using a custom-built CCD-based spectrograph [58] of the formation and decay of an absorption feature with a peak at ,680 nm that is assigned [56] to the photogenerated Mn IV . Kinetic traces (d), (e), and (f ) were obtained with continuous illumination corresponding to ,0.3, 0.03, and 0.003 absorbed photons per centre per second (see caption for details).
While this research is only in its formative stages, the point we would like to make here is that we have found no physically meaningful linear kinetic scheme that is able to globally fit this data. This photosensitizer-catalyst system presents an ideal case for investigating some of the ideas we have highlighted in this article.
Outlook
We have placed our commentary in the context of an urgent contemporary issue that necessitates advances in chemical research, yet has far wider implications: energy change. Several phenomena have been highlighted that suggest the hypothesis of cooperative, concerted or stimulated multi-electron transfer warrants rigorous investigation to stimulate new avenues for chemistry research. As a summarizing remark on this theme, we take lead from the thermodynamic advantage of concerted PCET [35] and generalize that if the energy barrier to producing stepwise single electron transfer intermediate states is sufficiently greater than another reaction pathway that involves the simultaneous or cooperative transfer of two electrons, then the latter will be the preferred pathway. This is essentially the point made by Tributsch, [23, 26, 27] from which we have taken much inspiration for our commentary.
Theories of multi-electron transfer need to be developed that are beyond a simple phenomenological description. They need to extend to the microscopic level as theories of PCET have, and continue to be developed. Additionally, only dedicated and targeted experimentation will be able to verify whether such theories are indeed necessary in the description of chemical phenomena. However, we note that new insights are rapidly emerging and suggest the possibility that concerted processes may be a rather important general phenomenon in chemistry. For example, a recent report has indicated that electron and proton transfer are both concerted with the cleavage of bonds between heavy atoms. [59] 
